A vervet monkey model of trypanosomiasis was used to study inflammatory cytokine responses in serum and cerebrospinal fuid (CSF). Gamma interferon levels were transiently up-regulated in serum between days 6 and 8 of infection, followed by a sustained up-regulation of tumor necrosis factor alpha (TNF-␣) and soluble TNF receptor 1. At no time were these cytokines detectable in the CSF.
Human African trypanosomiasis (HAT) is caused by the flagellate protozoan parasites Trypanosoma brucei rhodesiense and T. brucei gambiense, which are spread by tsetse flies of the genus Glossina. T. brucei rhodesiense causes an acute illness in eastern Africa, while T. brucei gambiense causes a chronic disease in west and central Africa. The parasites multiply extracellularly in the bloodstream and are disseminated via the blood to the lymph nodes, spleen, heart, and brain. The disease follows a two-stage clinical course manifesting an early-stage hemolymphatic trypanosome proliferation and a late-stage central nervous system (CNS) infection. The involvement of the CNS causes irreversible neurological damage culminating in coma and death in the absence of treatment (2) . Studies in mouse model infections suggest that the disease severity is associated with inflammatory responses. In vitro studies suggest that components of the glycosyl phosphatidylinositol anchor of the variant surface glycoprotein molecule when shed induce macrophage activation (7, 9) , and in mice, the early stages of infections are characterized by up-regulated synthesis of the Th1 and proinflammatory cytokines, such as gamma interferon (IFN-␥) and tumor necrosis factor alpha (TNF-␣) (1, 11) . Extended survival depends on a change of cytokine profile to a counterinflammatory and Th2 pattern (8) . However, relatively little is known about the role of cytokines in the pathogenesis of human African trypanosome infections. IFN-␥ and TNF-␣ were shown to be up-regulated in human T. brucei rhodesiense infection, but the timing of the onset of these responses was not amenable to study as patients reporting of infection duration is notoriously unreliable (5, 6) . Also, after CNS infection with trypanosomes, high levels of interleukin-10 were detected in the plasma and cerebrospinal fluid (CSF) (6, 10) , suggesting a late counterinflammatory response in HAT, but again the precise onset of this response in relation to the inflammatory response was unclear. A better understanding of the immunological events that occur in HAT will be essential in identifying the precise role of inflammatory responses in the pathophysiology of the infection. The vervet monkey model produces a disease that is clinically similar to that observed in humans and therefore is a potentially useful model of infection. In this study, the hypothesis that trypanosomiasis results in early upregulation of macrophage activation and proinflammatory cytokines in a primate model was tested.
All procedures were reviewed and approved by the KETRI Institutional Animal Care and Use Committee. Ten vervet monkeys (Cercopithecus aethiops) weighing between 2.5 and 4 kg were quarantined for 90 days and repeatedly screened for disease before enrollment into the study. Six of the animals were intravenously inoculated with a 10 4 -organism T. brucei rhodesiense KETRI 2537 stabilate, and four remained as uninfected controls. The animals were maintained on a diet of fresh vegetables, fruits, green maize, and commercial primate pellets given twice daily and water ad libitum. The animals were clinically examined, and parasitemia was counted microscopically daily in ear-prick blood. Seven days before infection and on days 0, 2, 4, 6, 8, 10, 12, 14, 21, 28, 35, and 42 postinfection, the animals were anesthetized with Valium (1.0 mg/kg) and ketamine hydrochloride (10 to 15 mg/kg of body weight) before undergoing detailed clinical examination and sampling. Five milliliters of blood was withdrawn by inguinal venipuncture for serum preparation. In addition, 1 to 2 ml of CSF samples was removed via lumbar puncture at weekly intervals from day 7 preinfection up to day 42 postinfection. The samples were stored at Ϫ20°C before they were analyzed.
The levels of IFN-␥, TNF-␣, and soluble TNF receptor 1 (sTNF-R1) in serum and CSF were determined by use of sandwich enzyme-linked immunosorbent assays. Human IFN-␥ (Biosource International, Camarillo, Calif.) and primate (rhesus monkey)-specific TNF-␣ and sTNF-R1 (Bender MedSystems Diagnostics, Vienna, Austria) sets of capture and detection antibody pairs were used. The detection limits of the assays were Ͻ8 pg/ml, Ͻ9.375 U/ml, and Ͻ0.094 U/ml, respectively, for IFN-␥, TNF-␣, and sTNF-R1. The cytokine levels were measured in duplicate for each sample. Values of cyto-kine concentrations in samples were calculated from a curve obtained from recombinant cytokine standards. Nitric oxide synthesis was measured by reduction of serum and CSF nitrate to nitrite with Aspergillus nitrate reductase followed by the Griess reaction (5).
The Kruskal-Wallis test was employed to assess quantitative changes in cytokine concentrations, while the Mann-Whitney U test was used to determine differences in the cytokine concentrations between uninfected and infected animals. Spearman's rank correlation coefficients were used to examine the relationships between cytokines and clinical variables during infection. P Ͻ 0.05 was considered statistically significant.
Trypanosomes were detected in all infected animals from day 4 (median, 2.5 ϫ 10 5 parasites/ml) up to day 42 postinfection (Fig. 1a) . The trypanosomes multiplied and reached peak levels on day 8 postinfection (median, 6.3 ϫ 10 7 parasites/ml) and subsequently remained high with slight fluctuations over the course of the infection. The CSF parasitosis in all infected animals was detected on day 7 postinfection and for the entire duration of the infection. The body temperatures of infected animals varied intermittently during the infection (Fig. 1b) but were only significantly elevated above control group levels on day 6 postinfection (median, 39.7 versus 38.3°C; P Ͻ 0.05). Serum IFN-␥ concentrations in infected animals significantly increased over control levels (P Ͻ 0.001, Fig. 1c) , with levels increasing to peak on day 6 postinfection (median, 13,175.6 versus 54.2 pg/ml; P Ͻ 0.05). The increase in IFN-␥ correlated with body temperature (r ϭ 0.37; P Ͻ 0.005). CSF IFN-␥ levels (median, 50 pg/ml) did not vary significantly between infected and control animals at any time during infection.
T. brucei rhodesiense infection also resulted in elevated concentrations of TNF-␣ in serum (P Ͻ 0.001, Fig. 1d ). TNF-␣ on March 7, 2017 by guest http://iai.asm.org/ levels increased from day 10 postinfection to peak at day 14 (median, 492.1 versus 40.4 U/ml; P Ͻ 0.05). The concentrations of TNF-␣ in serum then declined but remained elevated above the preinfection or control levels. In contrast, the TNF-␣ concentrations in the CSF were low (median, 18.8 U/ml) and did not show significant changes in both study animal groups. Interestingly, TNF-␣ levels showed no significant correlation to body temperature. Serum sTNF-R1 concentrations were also elevated compared to those of the controls in infected animals from day 8 (P Ͻ 0.05; Fig. 1e ). The concentration of sTNF-R1 in the CSF did not vary significantly in either group of experimental animals (median, 5.98 U/ml). The serum nitrate concentration in both infected and control animals fluctuated in this study, and there was no significant increase in infected animals at any time point. Also, nitrate was not detectable in the CSF in any animal.
This study provides new information on the early stages of HAT in a primate model. It confirms the hypothesis that the early response to infection is a systemic inflammatory response. We propose that the inflammatory response is driven by an initial pulse of high IFN-␥ levels, which appears briefly at day 6 of infection, shortly after parasites are first detected microscopically in the blood. This is followed at day 8 of infection by steadily increasing concentrations of the proinflammatory cytokines TNF-␣ and sTNF-R1, which is released as a consequence of TNF interaction with and proteolytic cleavage of the p55 membrane receptor (12) and may act as an antagonist for the inflammatory activity of TNF. Plasma TNF levels decline after day 14 of infection but remain elevated over the control. Interestingly, significant pyrexia was only detected at day 6, and at no time point was plasma nitrate elevated. Recent data from HAT patients also failed to detect significant pyrexia or evidence of nitric oxide synthase activation (6) . Invasion of the CSF is rapid in the primate model. Parasites were detectable from day 7 of infection. However, at no time point are any inflammatory cytokines or nitrate detectable in the CSF. This finding has an important bearing on models of pathogenesis in late-stage trypanosomiasis. In mouse models, CNS-produced inflammatory cytokines (3) and NO (4) have been detected and have been associated with late-stage neuropathology. The results in this primate suggest that this may not be the case in human infection, and indeed a study of the CSF in late-stage trypanosomiasis patients identified high levels of the counterinflammatory cytokine interleukin-10 (6).
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